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Abstract 
The electric field-induced antiferroelectric-to-ferroelectric phase transition is investigated 
through detailed measurements of electric polarization P, longitudinal strain x33, and transverse 
strain x11 developed under applied electric fields in a series of Pb0.99Nb0.02[(Zr0.57Sn0.43)1-
yTiy]0.98O3 ceramics with compositions close to the antiferroelectric/ferroelectric phase boundary. 
It is found that the volume expansion, expressed as (x33 + 2x11), at the antiferroelectric-to-
ferroelectric phase transition remains ~ 0.4% regardless of the composition in the range of 0.060 
 y  0.075.  However, the induced ferroelectric phase in compositions y  0.069 becomes 
metastable and the ferroelectric-to-antiferroelectric phase transition does not occur during the 
unloading of the applied field.  This reverse phase transition occurs partially when electric fields 
with reversed polarity are applied.  As a consequence, the switchable mechanical strains in 
compositions y  0.069 are significantly reduced as y (Ti content) increases even though the 
switchable polarization remains at a high value.    
Keywords: Antiferroelectric, phase transition, transverse strain 
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I. Introduction 
Antiferroelectric crystals, in contrast to ferroelectrics, do not permit macroscopic 
polarization due to the offsetting anti-parallel alignment of electric dipoles.1  However, an 
electric field-induced ferroelectric phase with parallel dipoles can be stabilized in these materials 
if an electric field of sufficient magnitude can be sustained before dielectric breakdown occurs.2-8  
At this critical field, EF, a large macroscopic polarization develops and significant volume 
expansion typically occurs.  The manifestation of these parameters allows the reversible 
antiferroelectric-to-ferroelectric phase transition to be exploited for use in digital transducers, 
shape memory and energy storage devices.9, 10    
The most widely-studied antiferroelectric ceramic systems are those based on PbZrO3.
3-10  
In pure PbZrO3 the free energy difference between the ground-state antiferroelectric phase and 
the ferroelectric phase is sufficiently large to prevent an electric-field induced phase transition 
from occurring in bulk ceramic samples at ambient conditions.  However, through chemical 
modification, the gap in free energies can be lowered such that the antiferroelectric-to-
ferroelectric phase transition is realized at a sustainable electric field.  This is accomplished, for 
example, in the PbZrO3-PbTiO3-PbSnO3 ternary system.
3, 4, 11, 12  Modifying the Zr4+ site with 
Sn4+ opens a tetragonal antiferroelectric phase space that borders a ferroelectric rhombohedral 
phase.3, 5, 6  Compositions near this phase boundary can readily be transformed to the 
ferroelectric phase by externally applied electric fields.  Altering the Ti4+ doping concentration 
allows fine-tuning of the critical field EF for inducing the transition.
3, 4, 8, 11, 12  Other dopants, 
such as Nb5+ and La3+, are commonly added to improve mechanical and electrical properties.13, 14   
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In this study the characteristics of the antiferroelectric-to-ferroelectric phase switching 
behavior of Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 ceramics are investigated through detailed 
measurements of polarization and strains as a function of applied electric fields.  The effect of 
temperature on phase stability is revealed by dielectric constant/loss and polarization versus 
electric field hysteresis loops at various temperatures.  The transverse and longitudinal strains 
developed during electric field cycling in virgin samples and field-exposed samples (i.e. first vs. 
subsequent cycles) are compared.  Special attention is paid to the trends that developed as the 
Ti4+ content is increased incrementally towards the antiferroelectric/ferroelectric phase boundary.  
 
II. Experimental Procedure 
Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 (abbreviated as PNZST43/100y/2) solid solutions 
with y = 0.060, 0.063, 0.067, 0.069, 0.071, and 0.075 were prepared using the solid state reaction 
method described previously.8  Each sintered pellet was mechanically ground to a final uniform 
thickness of approximately 0.8 mm.  After removal of surface layers, X-ray diffraction (Siemens 
D-500) was performed to check phase purity on representative samples.  For electrical 
characterization the circular flat faces were polished using fine-grit sandpaper and sputter coated 
with Ag films to form electrodes.  Dielectric characterization was performed at a frequency of 1 
kHz using an LCZ meter (Keithley) in conjunction with an environmental chamber operating at a 
heating/cooling rate of 3°C/min.  Electric field-induced polarization was measured with a 
standardized ferroelectric test system at ~4 Hz (RT-66A, Radiant technologies). 
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The strain measurements were performed using a specially-designed setup that 
implemented three linear variable displacement transducers (two in the transverse direction 
perpendicular to electric field, one in the longitudinal direction parallel to electric field) to 
measure the electric-field induced strains (x11 and x33, respectively).
15  The electric field was 
supplied by a high voltage amplifier (Trek) in conjunction with a programmable function 
generator.  All measurements were implemented using a bipolar electric field (Emax = ± 6 or 7 
kV/mm) with a triangular waveform and a standard loading rate of 1 kV/mm per second, with 
the exception of the “fast” measurement, which was performed using a loading rate of 6 kV/mm 
per second.  Each sample tested was subjected to three consecutive electric field cycles during 
which all signals (electric field E, polarization P, longitudinal strain x33, and transverse strain x11) 
were recorded simultaneously with a multi-channel oscilloscope.   
 
III. Results and Discussion 
 
(1). Crystal structure and dielectric properties 
X-ray diffraction was performed on the two end members of the compositional range 
studied (i.e. y = 0.060 and 0.075).  The samples were in a virgin state and had experienced no 
electric field exposure.  The results are shown in Fig. 1.  The diffraction patterns indicate that all 
compositions studied are phase-pure exhibiting a tetragonal distortion in the perovskite structure 
in the as-sintered state.  This is evidenced, for example, by the splitting of the pseudo-cubic 
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{200}c peak observed over the 2θ range from 44° to 44.5°, as shown in the inset in Fig. 1.  The 
results are consistent with previous reports in the literature.3-6   
Dielectric constant (εr) and loss tangent (tan δ) were measured as a function of 
temperature on all compositions studied.  The results are displayed in Fig. 2, where the arrows 
indicate either heating or cooling.  The dielectric constant exhibits a peak at ~170 °C, marking 
the transition from the paraelectric single-cell cubic phase (PESC) to the multi-cell cubic phase 
(PEMC).
3, 12  This PEMC phase exhibits a plateau region in the εr versus T curves.  The most 
prominent peak in the dielectric constant data at ~120°C marks the transition from the PEMC 
phase to the tetragonal antiferroelectric phase (AFET).  A more subtle transition occurs at 
temperatures below 0 °C during cooling as indicated by a shoulder in εr; this delineates the 
boundary between the AFET phase and a low-temperature rhombohedral ferroelectric phase 
(FER).  This transition can more easily be seen in the loss tangent data shown in Figs. 2(b) and 
2(c), even though the transitions at ~120 °C and ~170 °C are almost invisible.  The non-polar 
paraelectric (PESC, PEMC) and antiferroelectric (AFET) phases in all compositions studied exhibit 
low dielectric loss (tan δ < 0.001); however, the polar ferroelectric phase (FER) is denoted by an 
order-of-magnitude larger tan δ.  The AFET  FER transition is abrupt in higher Ti content 
samples (i.e. y = 0.071 and 0.075) but more diffuse in samples with lower Ti content.  In 
addition, significant thermal hysteresis (ΔT ~ 50°C) exists in the temperature-induced AFET  
FER phase transition as revealed by comparing Figs. 2(b) and 2(c).   
Whereas the temperatures for the AFET  PEMC and PEMC  PESC phase transitions 
depend weakly on composition, those for the AFET  FER transitions are a strong function of Ti 
content.  In addition, a clear trend is seen in the magnitude of the peak dielectric constant as a 
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function of increasing Ti content; the maximum εr recorded for the lowest Ti content sample (y = 
0.060) is ~1400, but a peak value of ~2120 is observed in the highest Ti content sample (y = 
0.075).  As the Ti content increases, the peak corresponding to the AFET  PEMC transition 
(~120 °C) becomes sharper and more pronounced.  Our previous study over wider compositional 
ranges showed that further increase in Ti content reduces the temperature range over which the 
AFET and PEMC phases are stable until they eventually disappear at y  0.12.8  The εr versus T 
curve in such compositions exhibits a single peak at the Curie temperature without a plateau.  
 
(2). Polarization versus electric field hysteretic behavior  
An externally applied electric field is also an effective stimulus to induce the 
antiferroelectric to ferroelectric phase transition.  Polarization versus electric field hysteresis 
loops were collected at room temperature on all compositions studied, as shown in Fig. 3(a) 
(sample y = 0.071 is omitted for clarity).  Samples with lower Ti content (y = 0.060) exhibit well-
defined double hysteresis loops characteristic of antiferroelectric materials.  During electric field 
loading in composition y = 0.060, the antiferroelectric phase persists up to a field magnitude of 
EF ≈ 3.2 kV/mm at which point it transforms to the ferroelectric phase as indicated by the sharply 
rising macroscopic polarization.  Upon release of the field, the antiferroelectric phase reappears 
below EA ≈ 1.6 kV/mm.  In samples with higher Ti content (y = 0.075), square single hysteresis 
loops are observed.  Intermediate compositions (y = 0.063, 0.067, 0.069, 0.071) exhibit 
hysteresis loops of mixed antiferroelectric and ferroelectric character.   
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A mixed-behavior sample with composition y = 0.067 is chosen for further study to 
reveal the temperature-dependent hysteresis behavior.  The results are shown in Fig. 3(b).  At 
sub-ambient temperatures, the ferroelectric phase is stabilized as the double hysteresis loops 
appear to merge into a single one.  Further decrease in temperature increases the remanent 
polarization (Pr) and the coercive field (EC), which is consistent with normal ferroelectric 
behavior.  Upon increasing the temperature, the antiferroelectric phase is stabilized as indicated 
by the separation into distinctive double hysteresis loops and the increase in both EF and EA.  The 
observations shown in Fig. 3(b) are hence consistent with the dielectric characterization results 
(Fig. 2).  It is interesting to note that while increasing the temperature or decreasing the Ti 
content has a similar effect of stabilizing the antiferroelectric phase, increased temperatures 
allow for easier backward-switching from the induced ferroelectric phase to the antiferroelectric 
phase.  This can be seen if one compares the behavior of the y = 0.067 ceramic at 80°C [Fig. 
3(b)] with that of the y = 0.060 ceramic at room temperature [Fig. 3(a)].  In both cases EF is 
comparable; however, EA is significantly lower in the latter case, indicating that the ferroelectric 
phase persists to a lower field strength before reverting to the antiferroelectric phase in 
PNZST43/6.0/2 at room temperature.  
Figures 1 and 2 both indicate that all the compositions studied should be in 
antiferroelectric phase in the as-sintered state.  However, Fig. 3(a) displays a square hysteresis 
loop for the composition y = 0.075.  This is due to the fact that the hysteresis loop data shown in 
Figs. 3(a) and 3(b) were recorded after several electric field cycles when the loops are stabilized.  
Figure 3(c) shows the first one and a quarter cycles of polarization data collected on a virgin 
PNZST43/7.5/2 sample.  Prior to any electric field application, the antiferroelectric phase is 
stable and must first be induced to the ferroelectric phase at EF0 ≈ 1.6 kV/mm.  (The distinction 
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between EF and EF0 is that the latter refers the critical field at which the ferroelectric phase is 
induced from an as-sintered ceramic during the first quarter cycle of electric field application.)  
However, upon field removal and subsequent switching of the electric field polarity, no reverse 
transition to the antiferroelectric phase is apparent.  This suggests that the induced ferroelectric 
phase is metastable and is preserved at zero electric field.  The results appear to be consistent 
with the loss tangent data displayed in Figs. 2(b) and 2(c): either the antiferroelectric (cooling) or 
ferroelectric (heating) phase can dominate at room temperature in PNZST43/7.5/2.    
Using the terminology outlined by Yang and Payne,4 the electric field-induced 
antiferroelectric to ferroelectric phase transition in y = 0.060 is classified as field-forced, whereas 
in y = 0.075 the phase transition is field-assisted.  The distinction is marked by the stability of the 
induced ferroelectric phase as demonstrated in Fig. 3(c).  In this first-order phase transition, the 
free energy (G) of the induced phase becomes equivalent to that of the ground state phase at a 
critical field strength (E0).  However, there exists an additional thermodynamic barrier that must 
be overcome to nucleate and grow the induced phase (which occurs at EF > E0); correspondingly, 
upon field removal, the induced phase remains metastable to a field strength EA < E0.  This is 
why double hysteresis loops (each centered at ±E0) are observed in y = 0.060 and the phase 
transition is deemed field-forced.  However, in the case of an as-sintered ceramic with 
composition y = 0.075, the antiferroelectric phase is metastable (i.e. GFE < GAFE, but the system 
has not yet overcome the additional barrier to form the ferroelectric phase); thus, the electric 
field-induced antiferroelectric to ferroelectric phase transition is termed field-assisted.   
 
(3). Strains during the electric field-induced phase transition  
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The antiferroelectric  ferroelectric phase switching is accompanied by strain due to the 
difference in molar volume between each phase.  The longitudinal, transverse, and volume 
strains (x33, x11, x33+2x11, respectively) as a function of applied electric field during the first and 
the third cycles were measured for each composition at the standard loading rate (1 kV/mm per 
second).  The first cycle results are shown in Fig. 4.  During the application of electric field to a 
virgin sample, the antiferroelectric ground state remains stable up to a critical field value EF0.  In 
all samples tested, EF0 > EF.  At EF0 both x33 and x11 increase abruptly, meaning the ceramic 
expands in all directions.  The magnitude of the strain induced by the antiferroelectric to 
ferroelectric phase transition during the first quarter cycle is a weak function of Ti content in the 
compositional range studied.  Above EF0, the ceramics are in a poled ferroelectric state, and as 
such are piezoelectric.6  Accordingly, the longitudinal and volume strains increase monotonically 
to maximum values of ~0.28% and ~0.42%, respectively, at Emax (This peak strain value is 
slightly lower in y = 0.060 and slightly higher in y = 0.075).  Upon subsequent unloading of the 
electric field, the longitudinal and volume strains decrease monotonically until EA is reached.  It 
should be noted that EA has a sign opposite to EF0 in compositions y = 0.069, 0.071, 0.075.  
Furthermore, in samples with lower Ti content (y = 0.060, 0.063, 0.067), nearly all the 
longitudinal strain is recovered as a result of the reverse transition; in samples with higher Ti 
content (y = 0.069, 0.071, 0.075), permanent expansion in the longitudinal direction is observed. 
In general, the transverse strain magnitude is not observed to correspond directly to the 
applied electric field for all compositions.  In samples with higher Ti content, the peak transverse 
strain during the first quarter cycle occurs at a field strength between EF0 and Emax.  The 
transverse strain at Emax during the first quarter cycle is ~0.07% for all compositions.  As the 
electric field is unloaded, the samples immediately expanded in the transverse direction.  For 
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compositions y = 0.069, 0.071, and 0.075, this expansion continues until a field strength of EA is 
reached (EA is negative in these three compositions), at which point x11 decreases abruptly; in 
compositions y = 0.060, 0.063, and 0.067, the transverse strain reaches a maximum at a field 
strength between Emax and EA and then decreases gradually until EA is reached.  Furthermore, all 
samples experience permanent deformation in the transverse direction at the end of the first cycle 
of electric field application; ceramics with compositions y = 0.060 and 0.063 shrink in diameter 
while ceramics with compositions y = 0.067, 0.069, 0.071, and 0.075 expand in diameter 
(relative to the virgin state).   
The strain recorded during the third complete electric field cycle is shown in Fig. 5.  No 
difference was observed between the third cycle and subsequent cycle strain data, so the data is 
considered representative of the stabilized behavior of the ceramics tested (excepting any 
eventual fatigue that may occur.16).  As the Ti content is increased throughout the compositional 
series, one can observe a pinching together and eventual overlapping of the strain double 
hysteresis loops, similar to what was observed in the polarization data.  In composition y = 
0.067, EA nearly converge at zero field on both half cycles.  Further increase in the Ti content to 
y = 0.069 causes the loops formed by x33 to overlap slightly, marking a change in sign of EA 
relative to EF.  This is consistent with the observation from the first cycle data shown in Fig. 4.  
Also consistent with Fig. 4 is the abrupt decrease in x11 at EA (EA is negative in y = 0.069, 0.071, 
and 0.075).  This abrupt contraction in the transverse direction marks the occurrence of the 
reverse ferroelectric to antiferroelectric phase transition and it is still evident in composition y = 
0.075.  Another striking feature in Fig. 5 is the significant reduction in the magnitude of 
switchable strain during the bipolar electric cycling when Ti content increases.  In sharp contrast 
to this, the switchable electric polarization during bipolar cycling increases as Ti content 
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increases.  The result seems to suggest that the mechanical strain and the electric polarization are 
decoupled to some extent in these ceramics.   
In order to clarify the critical electric fields pertaining to the complicated antiferroelectric 
 ferroelectric switching behavior in these ceramics, the strain x33 in the first electric cycle for 
composition y = 0.069 is replotted in Fig. 6(a).  EF and EA are taken as the onset of the sharply 
changing strain associated with the antiferroelectric to ferroelectric and the ferroelectric to 
antiferroelectric transitions, respectively.  Analogous to the coercive field of a ferroelectric 
material, EC is determined by half the width of one strain hysteresis loop within one half-cycle of 
electric field application.  The “0” subscripts indicate a value that is determined using the first 
half-cycle data from virgin samples.  Figure 6(b) displays the compositional dependence of five 
critical electric field values: EC0, EC, EF0, EF, and EA.  It is evident that as the Ti content is 
increased, the ferroelectric order in the ceramic is gradually strengthened.  This is demonstrated 
by a nearly linear change of EF0 and EA with composition.  EF is offset from EF0 by a constant 
value for samples y = 0.060, 0.063, and 0.067, but this offset increases dramatically in the 
compositions with higher Ti content.  This indicates that the response in these ceramics after 
exposure to electric fields differs dramatically than that in the virgin state.  EC0 and EC, in 
contrast to the other parameters, are only weakly dependent on composition.  Again, EC is offset 
from EC0 by a near-constant value for lower Ti content samples, but this offset increases 
dramatically in samples y = 0.071 and 0.075.  In composition y = 0.075 a mixture of 
antiferroelectric and ferroelectric phase is expected.  In this ceramic, EF coincides with EC, both 
of which have the same value of EA.  This suggests that the growth of the antiferroelectric phase 
out of the induced ferroelectric phase and the polarization reversal of the induced ferroelectric 
phase are energetically degenerate processes.  
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(4). Discussion 
The observation that EA is negative in compositions y = 0.069, 0.071, 0.075 is significant.  
It implies that the antiferroelectric phase can be recovered from the induced metastable 
ferroelectric phase by an electric field with the reversed polarity.  Detailed analysis of this 
observation is provided elsewhere.17   
Close examination of the variation of P, x33, x11 with E in the vicinity of EF reveals some 
interesting observations.  Figure 7 shows the data during the third quarter-cycle of electric field 
application to the ceramic with composition y = 0.063.  The difference between x11 and x33 is 
pronounced; while x11 and P appear to be synchronized in their variation with the applied electric 
fields, x33 is apparently decoupled from P.  The electric field-induced antiferroelectric to 
ferroelectric phase transition is indicated by a sharp, almost instantaneous increase in x33, but is 
shown to be more gradual and persist over a wider electric field range by x11 and P.  In addition, 
x11 and P start to change at a field strength (~2.2 kV/mm) lower than EF.  Concurrently, x33 
decreases slightly beyond this field strength until undergoing the aforementioned abrupt increase 
at EF.  In other words, the ceramic contracts slightly in the thickness direction while expanding in 
the radial direction as EF is approached.  At EF, dramatic expansion in the thickness direction 
occurs over a very narrow electric field range.  These results are consistent with results reported 
on phase switching in lead lanthanum zirconate stannate titanate (PLZST) ceramics.6   
Although the antiferroelectric  ferroelectric phase switching is of displacive nature 
without diffusion involved, the electric field loading rate is observed to influence both the 
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polarization and strain development.  Figure 8 offers a visual comparison of data measured at the 
standard loading rate of 1 kV/mm (corresponds to 0.042 Hz) and at the fast rate of 6 kV/mm 
(0.250 Hz) in composition y = 0.067.  The same ceramic sample was used for both frequency 
measurements and underwent a thermal anneal prior to each to erase any history.  While 
representative of what was observed in other compositions, the effect is especially prominent in y 
= 0.067 when the strain data is plotted such that the strains at zero field are coincident with the 
origin.  With a faster electric field loading rate, stronger hysteresis is observed in all parameters 
(i.e. EF is higher while EA is lower).  While the range for x33 varying within a full cycle of bipolar 
electric field stays unchanged for both loading rates, the range for the transverse strain x11 is 
reduced slightly under the faster loading rate.  It is interesting to note that such a frequency effect 
is also prominent in antiferroelectric thin films.18    
The present work is focused on the change of macroscopic quantities (strain and 
polarization) as a function of applied electric field in antiferroelectric ceramics.  It should be 
pointed that microscopically these ceramics are characterized by incommensurate modulations 
with a wavelength around 2 nm.7, 12, 19, 20  It has been suggested that frustration from the 
competing ferroelectric ordering and antiferroelectric ordering is responsible for the presence of 
the incommensurate structure.19  Previous in situ transmission electron microscopy studies 
indicate that the incommensurate modulations disappear during the electric field-induced 
antiferroelectric-to-ferroelectric phase transition.7, 20  Obviously the abrupt change in strain and 
polarization during the phase transition is intimately associated with the disappearance of the 
incommensurate structure in the studied compositions. 
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IV. Conclusions 
Ti4+ doping stabilizes the long-range ferroelectric dipole ordering in 
Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 ceramics, allowing for tailoring of system properties by 
altering y.  The critical fields EF and EA associated with the forward and the reverse phase 
transitions, respectively, are observed to correlate strongly with Ti content.  The magnitude of 
the hysteresis associated with the transition (EC) is only observed to be a weak function of 
composition.  Significant difference is observed in the onset of the phase transition (EF0) and the 
hysteresis magnitude (EC0) in virgin samples from those in samples that had been exposed to 
strong electric fields.  
Ceramics with lower Ti content (y = 0.060, 0.063, 0.067) undergo a reversible field-
forced antiferroelectric to ferroelectric phase transition where a positive EA is recorded.  
Ceramics with higher Ti content (y = 0.069, 0.071, 0.075) undergo a field-assisted 
antiferroelectric to ferroelectric phase transition after which the ferroelectric phase is stable upon 
removal of the electric field.  The reverse ferroelectric to antiferroelectric phase transition is 
triggered by EA with an opposite polarity.  However, this electric field-induced ferroelectric to 
antiferroelectric phase transition can only be partially accomplished.  As a result, the strain 
developed during the first application of electric field can only be partially recovered.  During 
the first application of electric field on virgin samples, almost the same longitudinal as well as 
transverse strains are developed for all the compositions studied (y = 0.060 ~ 0.075). With 
increasing Ti content, the switchable strain significantly decreases while the switchable 
polarization keeps increasing.  
16 
 
 References 
1 C. Kittel, “Theory of antiferroelectric crystals,” Phys. Rev., 82, 729-32 (1951). 
2 L.E. Cross, “Antiferroelectric-ferroelectric switching in a simple Kittel antiferroelectric,” J. 
Phys. Soc. Japn., 23, 77-82 (1967).  
3 D. Berlincourt, H.H.A. Krueger, and B. Jaffe, “Stability of phases in modified lead zirconate 
with variation in pressure, electric field, temperature and composition,” J. Phys. Chem. Solids, 
25, 659-74 (1964).  
4 P. Yang, and D.A. Payne, “Thermal stability of field-forced and field-assisted antiferroelectric-
ferroelectric phase transformation in Pb(Zr,Sn,Ti)O3,” J. Appl. Phys., 71, 1361-67 (1992).  
5 C.T. Blue, J.C. Hicks, S.E. Park, S. Yoshikawa, and L.E. Cross, “In situ X-ray diffraction 
study of the antiferroelectric-ferroelectric phase transition in PLSnZT,” Appl. Phys. Lett., 68, 
2942-44 (1996).  
6 S.E. Park, M.J. Pan, K. Markowski, S. Yoshikawa, and L.E. Cross, “Electric field induced 
phase transition of antiferroelectric lead lanthanum zirconate titanate stannate ceramics,” J. 
Appl. Phys., 82, 1798-803 (1997).  
7 H. He, and X. Tan, “Electric field-induced transformation of incommensurate modulations in 
antiferroelectric Pb0.99Nb0.02[(Zr1-xSnx)1-yTiy]0.98O3,” Phys. Rev. B, 72, 024102/01-10 (2005).  
8 H. He, and X. Tan, “Raman spectroscopy study of the phase transitions in 
Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 ceramics,” J. Phys.: Condens. Matter, 19, 136003/1-13 
(2007).  
9 K. Uchino, “Digital displacement transducer using antiferroelectrics,” Japn. J. Appl. Phys., 24, 
Supl. 24-2, 460-62 (1985).  
17 
 
10 J.P. Dougherty, “Cardiac defibrillator with high energy storage antiferroelectric capacitor,” 
United States Patent 5,545,184, 1996.  
11 W. Pan, Q. Zhang, A. Bhalla, and L.E. Cross, “Field-forced antiferroelectric-to-ferroelectric 
switching in modified lead zirconate titanate stannate ceramics,” J. Am. Ceram. Soc., 72, 571-
78 (1989).  
12 D. Viehland, D. Forst, Z. Xu, and J.F. Li, “Incommensurately modulated polar structures in 
antiferroelectric Sn-modified lead-zirconate-titanate –The modulated structure and its 
influences on electrically-induced polarizations and strains,” J. Am. Ceram. Soc., 78, 2101-
12 (1995). 
13 B. Jaffe, W.R. Cook, and H. Jaffe, Piezoelectric Ceramics (Academic Press, 1971). 
14 H. Tang, Y.J. Feng, Z. Xu, C.H. Zhang, and J.Q. Gao, “Effect of Nb doping on microstructure 
and electric properties of lead zirconate stannum titanate antiferroelectric ceramics,” J. Mater. 
Res., 24, 1642-45 (2009).  
15 X. Tan, W. Jo, T. Granzow, J. Frederick, E. Aulbach, and J. Rödel, “Auxetic behavior under 
electrical loads in an induced ferroelectric phase,” Appl. Phys. Lett., 94, 042909/1-3 (2009).  
16 L. Zhou, R.Z. Zuo, G. Rixecker, A. Zimmermann, T. Utschig, and F. Aldinger, “Electric 
fatigue in antiferroelectric ceramics induced by bipolar electric cycling,” J. Appl. Phys., 99, 
044102/1-8 (2006).  
17 X. Tan, J. Frederick, C. Ma, W. Jo, and J. Rödel, “Can electric field induce an antiferroelectric 
phase out of a ferroelectric phase?” Phys. Rev. B, submitted, 2010. 
18 X. Han, J. Zhai, F. Zhou, X. Song, and S. An, “Thickness and frequency dependence of 
electric-field-induced strains of sol-gel derived (Pb0.97La0.02)(Zr0.95Ti0.05)O3 antiferroelectric 
films,” J. Sol-Gel Sci. Technol., 53, 366-71 (2010). 
18 
 
19 D. Viehland, X.H. Dai, J.F. Li, and Z.Xu, “Effects of quenched disorder on La-modified lead 
zirconate titanate: Long- and short-range ordered structurally incommensurate phases, and 
glassy polar clusters, J. Appl. Phys., 84, 458-71 (1998). 
20 H. He, and X. Tan, “In situ transmission electron microscopy study of the electric field-
induced transformation of incommensurate modulations in a Sn-modified lead zirconate 
titanate ceramic,” Appl. Phys. Lett., 85, 3187-89 (2004).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
19 
 
Fig. 1. X-ray diffraction spectra for the as-sintered PNZST43/100y/2 ceramics showing the two 
end members (y = 0.060 and 0.075) of the compositional range studied. The inset shows the 
tetragonal splitting of the pseudo-cubic {200}c planes.   
Fig. 2. Dielectric properties of PNZST43/100y/2 ceramics measured at 1 kHz: (a) dielectric 
constant and (b) loss tangent during cooling, and (c) loss tangent during heating.  The legend 
shown in (b) is applicable to all plots. 
Fig. 3. (a) Polarization versus electric field hysteresis loops for the PNZST 43/100y/2 ceramics 
except y = 0.071 measured at room temperature. (b) Polarization versus electric field 
hysteresis loops for composition y = 0.067 measured at a series of temperatures. (c) The 
polarization developed during the very first one and a quarter cycle of electric field applied to 
the virgin as-sintered ceramic of y = 0.075. 
Fig. 4. Transverse strain x11 (left column), longitudinal strain x33 and volume strain x33 + 2x11 
(right column) as a function of externally applied electric fields during the very first cycle of 
application in PNZST43/100y/2 ceramics.  Plots within a column use the same scale to better 
show the trend as the Ti content increases. 
Fig. 5. Transverse and longitudinal strains as a function of externally applied electric fields 
during the third cycle of application in PNZST43/100y/2 ceramics.  A different scale is used 
in each plot for clarity. 
Fig. 6. Summary of critical fields that characterize the antiferroelectric-ferroelectric phase 
switching in PNZST43/100y/2 ceramics as a function of composition y.  The values are 
determined from the longitudinal strain versus electric field (x33 vs. E) plots for each 
composition.  An example from y = 0.069 is shown in (a) that displays how the values in (b) 
are determined. 
20 
 
Fig. 7. Polarization (-P), longitudinal strain x33, and transverse strain x11 as a function of applied 
electric fields during the third quarter cycle in as-sintered PNZST43/6.3/2 ceramic.   
Fig. 8. Effect of electric field loading rate on (a) polarization, (b) longitudinal strain, and (c) 
transverse strain in PNZST43/6.7/2.  The standard rate of 1 kV/mm per second corresponds 
to 0.042 Hz and the fast rate of 6 kV/mm per second corresponds to 0.250 Hz.  The data 
shown are from the third (stabilized) cycle.  The legend in (a) is applicable to all plots shown. 
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